A tight-binding models which account for band mixing, strain and external applied potentials in a self-consistent fashion has been developed. This allows us to describe electronic and optical properties of nanostructured devices beyond the usual envelope function approximation. This model can be applied to direct and indirect gap semiconductors thus allowing for instance the self-consistent calculation of band profile and carrier control in pseudomorphic InGaAs/GaAs HEMTs and SiGe/Si MODFETs.
INTRODUCTION
Electronic and optical properties of semiconductor nanostructures based on homo-and heterojunctions have been investigated theoretically by means of a variety of tools. These range from abinitio approaches [1] , which are very precise but require a large computational effort and consequently, are limited only to very small nanostructures, to approximate but easy-to-handle and fast methods such as for example those based on the envelope function approximation (EFA) [2] . In its simplest form, the EFA leads to the evaluation of the energy levels of nanosystems by simply solving a one-electron Schr6dinger equation where each semiconductor is described in terms of effective masses and band edges. Such an approach and its generalizations, have been very successful [2] [3] [4] , even though several problems still cannot be easily handled within the EFA context. The empirical tight binding method (TB) [5] [6] [7] [8] has been shown to be a valid alternative to EFA, since it improves the physical content in the description of the nanostructure with respect to EFA without requiring a much higher computational effort. In particular, it allows us to treat indirect-gap semiconductors, heterostructures made by indirect/direct materials and to describe very thin nanostructures [5] [6] [7] 9] . Other advantages of TB with respect to EFA consist in the realistic description of the band structure of the whole Brillouin zone and in the possibility to use different Bloch basis functions for each component material of an heterosystem. TB has been mainly used in the calculation of the electronic properties of nanostructures without taking into account selfconsistent charge redistribution, which is an important requirement when we deal with real systems. However, very recently, we have shown [10] that a self consistent tight-binding procedure can be defined. In this paper we will apply the selfconsistent tight-binding approach to realistic nanostructures such as pseudomorphic HEMT and we will show how the method can be easily extended to handle the case of indirect band gap material such as in SiGe MODFETs. order to calculate electronic and optical properties for real heterosystems, the presence and possible rearrangement of free charges has to be taken into account. The influence of the electronic charge rearrangement can be included at a Hartree level by solving the Poisson equation for the Hartree potential, d2Vz_z/dz 2= -p(z)/ e, where e is the static dielectric constant. The charge density p(z) is defined by the square of the wave function averaged over a layer z and weighted by the Fermi function f(E): e/ 2 dklly l n' "lZf(En)'n (3)
SELF-CONSISTENT TIGHT BINDING
In this section we discuss the self-consistent tightbinding model for a system where symmetry is broken in one direction, for example the growth axis (z). The wave function IE, kll can be written as linear combination of planar Bloch sums, Ic, m)
where IR) is a localized orbital, kll is the in-plane wave vector and N is the number of unit cells in the atomic plane. The subindex c refers both to the basis atom index and to the atomic orbital index. The lattice vector, R R + v, (where v is the basis atom displacement), can be written as R md + Rmllwhere rn is an integer, d a vector parallel to the growth direction with modulus equal to the distance between two atomic planes rn is a vector on the m-th atomic plane. For a and RI
given k][, the eigenstates E are calculated by solving the secular equation (H+ Vi_i)lE, kll E IE, kll where H is the system tight-binding hamiltonian and V/is the Hartree potential. In where e is the electron charge and n labels the energy levels for a given kll. A full kll integration is performed in the 2D Brillouin zone by using the special k-points technique in the irreducible wedge [12] . The convergence of this integration has been obtained by using 5 special points with Ikll[ < 0.06 27r/a for direct band gap material. To achieve selfconsistency in indirect band gap material we use 8 points with Iklll < 0.2 27fla.
The Poisson and Schr6dinger equations in the tight-binding representation are iteratively solved until convergence is reached. An open-chain (infinite well) boundary condition is used for Schr6dinger's equation. In order to avoid influences on calculated electronic levels, boundaries are chosen far away from the nanostructure region where the density of conduction electrons or valence holes is high. Although a better choice for the boundary condition is provided by complex band structure states as explained in Ref. [11] , for all the situations discussed here the open chain condition represents a valid and simple choice. In order to speed up the self-consistent algorithm we have introduced a hybrid method to diagonalize the tight-binding hamiltonian which uses a standard (LAPACK [13] ) routine to calculate eigenvalues and an inverse iteration scheme to calculate eigenvectors. The initial conditions for Schr6dinger and Poisson equations are obtained self consistently in the effective mass approximation.
When optical properties are of interest, one can make use of the Kubo formula to define the susceptibility tensor which is related to the currentcurrent response function of the electromagnetic perturbation [10, 14] .
RESULTS
In order to show some results obtained with TB coupled with carrier redistribution, we consider several HEMT-like structures.
If we consider a typical device with a 430 ndoped (n 10 ]8 cm-3) cap layer, 20 * undoped spacer in A10.3Ga0.7As, 100 , GaAs 2D channel and Alo.3Ga0.TAS buffer, TB shows small improvements in band profile, charge density and energy levels with respect to EFA. However, a more critical situation is obtained when higher A1 concentrations are considered in the cap layer, which bring the barrier region to be almost indirect gap (e.g., Er Ex). Thus, we consider in [15] . In this calculation the background doping charge is simply added to the free charge as given by Eq. (3) . The self-consistent potential profile of the structure for two applied gate voltages of-0.6 and 0.0 V respectively is shown in Figures 3a and  3b , respectively. Strain effects in the InGaAs region, which are taken into account by scaling the hamiltonian matrix elements [16] , split the HH and LH valence bands. Here the labels HH and LH refer to the character of the valence band in the growth direction. In the parallel direction the uppermost valence band has a light hole character Figure 4 . Since the HH quantized levels are now above the LH states, the luminescence transitions occur between conduction levels and the heavy hole levels. For an applied voltage of-0.6 V, which corresponds to a nearly flat InGaAs band, the main luminescence peaks are related to the El HH1 and E2 HH2 transitions. This is in agreement with the selection rules Anm O, where n labels the conduction states and m the valence states [2] . The polarized in the in-plane direction since the levels have essentially a heavy-hole character. When the applied potential is reduced, two other peaks form which correspond to the E HH2 and E2 HHI transitions. Indeed, by decreasing the applied potential, the increasing channel electron density induces a sizable band bending which is responsible for the loss of symmetry (see Fig. 3b ) and the transitions E HH2 and E2 -HH1 are no longer forbidden. We also notice the presence of a red shift (quantum Stark shift) of the E1 --HH1 transition due to the presence of an electric field as the applied potential reduces from -0.6 to 0.0 V.
As final example we show in Figure 5 as in the previous case. The charge density shows a strong difference between TB and EFA. This is is mainly due to the high non-parabolicity and anisotropy of the valence band.
In conclusion, we have shown that a selfconsistent tight-binding approach can be used to evaluate the electronic structure and optical properties of semiconductor nanostructures. This represents a further step, with respect to the envelope function model, towards an ab initio calculation of such properties.
